A chiral material exposed to a magnetic field allows phonons to travel faster in one direction than another, an effect that might be used to create an acoustic diode.
W
hen you look at the left and right hand of a person, they look the same. However, from the symmetry point of view those two hands are not identical; they are actually a mirror image of each other. When mirror images behave differently, we call that chirality. Certain materials are chiral in that left-handed and right-handed light propagates differently through them. Magnetic fields can also induce chiral effects through their interaction with charged particles. When a chiral material is subjected to a magnetic field, an additional effect arises that results in directionally dependent optical properties. This so-called magnetochiral effect (MChE) is not limited to light, as it can also occur for particles, such The phonon magnetochiral effect is found in Cu 2 OSeO 3 crystals (green), here shown bracketed by pairs of sound-producing transducers (orange). For a left-handed crystal (top panels), sound waves travel faster in the direction parallel to the magnetic field, as shown for two field orientations. For a right-handed crystal (bottom panels), the opposite is observed: sound waves travel faster in the direction antiparallel to the field. (APS/Alan Stonebraker) * Swiss Federal Institute of Technology (EPFL), Lausanne, Switzerland as electrons, and even for quasiparticles like magnons (vibrations of magnetic spins). However, the effect has been difficult to produce with phonons (vibrations of atoms), in part because these lattice oscillations within a material have a very weak coupling to magnetic fields. Now, Toshihiro Nomura from the Helmholtz-Zentrum Dresden-Rossendorf in Germany and colleagues have demonstrated, for the first time, an MChE for phonons [1] . This work might inspire future applications, such as an acoustic diode or a one-way thermal barrier.
The first documented report of chirality effects in materials was made by French scientist François Arago at the beginning of the 19th century, who found that the axis of linearly polarized light gets rotated when passing through quartz crystals [2] . This rotation-called natural optical activity-is due to a small but measurable difference in the speed of left-handed and right-handed circularly polarized light inside quartz. A similar effect-called magnetic optical activity (or Faraday rotation)-arises in all transparent materials when a magnetic field is applied parallel to the direction of light propagation. The magnetochiral effect is a combination of natural and magnetic optical activity that results in one-way, or "nonreciprocal," behavior. This means that optical properties such as the index of refraction or absorption are different for light traveling parallel and antiparallel to the magnetic field-irrespective of the light's polarization.
Natural and magnetic optical activity have been known for more than a century, but researchers only observed MChE for the first time in 1997 [3] . More recently, the effect was isolated for electron transport in a chiral material exposed to a magnetic field [4] . The concept of MChE can also be extended to quasiparticles-emergent entities within a strongly interacting many-body system-such as phonons, magnons, and plasmons (oscillations in plasma). The fact that MChE has been demonstrated for magnons [5] might not be surprising, as magnons are "magnetic." But phonons have less of a magnetic connection. To overcome this challenge, Nomura et al. [1] have used a chiral material, copper oxoselenite (Cu 2 OSeO 3 ), which, because of the strong coupling between its chiral crystal symmetry and its magnetism, represents a good candidate for phonon MChE.
In their experiment, the researchers utilized single crystals of Cu 2 OSeO 3 that were either left handed or right handed. In each case, they fitted each side of the crystal with a transducer-a piezoelectric device that converts electrical signals physics.aps.org c 2019 American Physical Society to ultrasonic waves and vice versa. One transducer generated acoustic waves with wave vector k, while the other one detected these phonons after they traveled through the crystal. For temperatures below 60 K and magnetic fields around 0.1 T, the team observed a difference of as much as 0.01% in the speed of sound waves traveling in the "forward" (+k) vs "backward" (−k) direction. If the crystal was left handed and the magnetic field pointed in the forward direction, then the +k waves went faster than the −k waves (Fig. 1) . Flipping the direction of the magnetic field or changing the handedness of the crystal resulted in the −k waves being faster. If both magnetic field and chirality were switched, then the +k waves were again faster. These dependencies on field and chiral directions imply that the observed nonreciprocity is a manifestation of a phononic magnetochiral effect.
In order to explain the observed behavior, the authors invoked a process of magnon-phonon hybridization. Two quasiparticles can hybridize when their dispersion relations (their frequency vs momentum curves) cross. For Cu 2 OSeO 3 , this crossing occurs for frequencies around 3 GHz, at which point, excitations of the crystal become a mixture of phonons and magnons. The experiments were performed at relatively low frequencies (less than 1 GHz), where the hybrid quasiparticles are predominantly phonons. Nevertheless, the hybridization is strong enough that these low-frequency phonons "inherit" some magnon properties. Specifically, magnons in Cu 2 OSeO 3 -as shown in previous work [6] -exhibit a magnetochiral nonreciprocity, which is then transferred to phonons in a way that depends on the frequency of the sound wave. The team verified this picture by showing that the frequency dependence of the magnetochiral effect in phonons matched the predictions from a hybridization model.
Since phonons are involved in the transmission of sound and heat, this effect could potentially be used to construct diodes that would inhibit the passage of sound or heat in one direction (see 25 August 2009 Focus story). The field of phononics [7] is devoted to the control of phonons with diodes and other specially designed nanostructures, such as thermal logic gates and thermal transistors. Given the rather small sound speed difference (less than 0.01%) in Cu 2 OSeO 3 and the relatively narrow range of magnetic field values and temperatures where the effect is observed, it is hard to imagine that this will immediately make a substantial difference for researchers in phononics. Nevertheless, this type of effect can be expected for any chiral-lattice magnet, so the search is on to find those that exhibit MChE at or close to room temperature. Fortuitously, there already exist several candidates, like FeGe and Co-Zn-Mn alloys (known for their twisted magnetic states, or "skyrmions"), which might be nanostructured in order to enhance the desired effects on phonons.
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